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Among spices, onion flakes (OF) and black pepper (BP) are commonly used ingredients in 33 
domestic cooking; however, spices have been shown to be highly contaminated with pathogenic 34 
bacteria and bacterial spores. A novel method applying a treatments of Ozone Ultraviolet (UV, 35 
255nm) and Infra-red (IR) light in different combinations was assessed for its efficiency in 36 
decontaminating OF and BP. In this study, untreated samples, as purchased, were inoculated with 37 
9.5 × 10
5
 cfu/mL Escherichia coli (MG1655) and exposed to each treatment alone and in 38 
combination of ozone sequentially followed by UV/IR, and UV/IR combined followed 39 
sequentially by ozone. A difference in response towards the treatment was shown among the types 40 
of spices, with a high efficacy for BP.  Typically 3 log reductions were observed for ozone, UV 41 
and IR. The sequential treatments of ozone with UV and IR combined gave improved results than 42 
individual ones, with 99.99% of E.coli  inactivation, and a shorter exposure duration with ozone 43 
(2.5 and 5 min) and UV and IR (2.5 and 5 min). The combined effect (ozone 2.5 mins, UV and IR 44 
10 mins) yielded a log reduction of 2.69 and 4.20 for OF and BP respectively, greater than the 45 
additive effect of the individual treatments alone. The IR lamp was modulated to reduce excessive 46 
temperature rise. The IR decontamination increased once combined with UV. This novel prototype 47 
was shown to be very effective in decontaminating spices. Further studies should be conducted to 48 
validate the effectiveness of this method on decontamination of various bacterial strains.  49 
 50 
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Although spices generally have a low moisture content, which reduces microbial growth, their 55 
contamination has contributed significantly to food-borne infections and outbreaks (Al Bayssari, 56 
Dabboussi, Hamze, & Rolain, 2014; Banach, Stratakou, Van der Fels-Klerx, Den Besten, & 57 
Zwietering, 2016). Spices have been shown to be a vehicle of chemical (mycotoxins) and 58 
microbial contamination (pathogenic bacteria like salmonella), while the actual cause of 59 
contamination is often difficult to determine (Federal Institute for Risk Assessment, 2016). Among 60 
spices, dried onions are widely used in the food industry, especially in manufacturing sauces, 61 
soups and salad dressings (Brown & Jiang, 2008; Ye, Dai, & Hu, 2013). They are present in retail 62 
markets and they are available under different forms such as powder or flakes, and packed or 63 
unpacked. As they are widely available, their use as an ingredient in domestic cooking has 64 
increased. Onion powder is also considered to be a nutraceutical because of its antimicrobial, 65 
anticancer, and other health-promoting activities, owing to their sulfur, phenols, flavonoids, and 66 
selenium content (Corzo-Martínez, Corzo, & Villamiel, 2007; Pandurangan, Amanulla, & 67 
Ramanathan, 2016).  68 
As with any other agricultural products, onions can be exposed to contamination at any stage of 69 
the food chain, starting from harvesting till the product is dispatched. Research studies have found 70 
that onion powder is suceptible to contamination with many potentiel food borne pathogens, such 71 
as Bacillus cereus, Salmonella, Escherichia coli, Clostridium perfringens and toxigenic moulds 72 
(McKee, 1995; CDC (Centers for Disease Control and Prevention, 2017). Brown et al. (2018) 73 
found that onion powder samples were contaminated with tetracycline and ceftriaxone-resistant 74 
bacteria,  this has important implications since these antibiotics have been used extensively in 75 
human, animal, and agricultural applications. 76 
Several techniques have been tested for their efficiency in decontaminating powdered or flaked 77 










superheated steam treatment (FARKAS, 2001; Alfy, Kiran, Jeevitha, & Hebbar, 2016). However, 79 
some techniques were shown to affect the quality and acceptance of spices due to their drying 80 
effect on aromatic compounds, deterioration of color and loss of nutrients or due to consumer 81 
unacceptability in the case of irradiation  (Fine & Gervais, 2004;  Rico et al., 2010). Pezutti et al. 82 
(2005) tested the efficacy of gamma ray doses from 5 to 25 kGy on decontamination of onion 83 
powder (Pezzutti, Marucci, Sica, Matzkin, & Croci, 2005).  They found that an application of 5 84 
kGy was sufficient to decontaminate oniona from sulfite-reducing Clostridia and their spores, 85 
B.cereus and their spores, moulds, yeast and total coliforms. Agnieszka et al. (2013) tested the 86 
efficacy of ozonation in decontaminating onion flakes.  The results revealed that ozonation 87 
reduced Enterobacteriaceae counts, but there was no noted effect on total mesophilic bacteria or 88 
total fungal count (Agnieszka Joanna Brodowska, 2013). Kim & Min (2018) tested the effect of 89 
cold plasma techniques on decontaminating onion flakes. A plasma frequency of 15 kHz for 20 90 
min, combined with moisture vaporization, achieved the greatest pathogen reduction (reduction of 91 
1.4 log CFU/cm2), compared to the other CP treatment using helium for 2–20 min at 15–35 kHz, 92 
without altering their physicochemical properties (including surface morphology, color, moisture 93 
content, and ascorbic acid and quercetin concentrations), although this reduction was not able to 94 
statisfy the food safety standards.  95 
Black pepper (Piper nigrum L., BP) is also a widely used, valuable ingredient, known for its 96 
distinctive odor and flavour (Nisha, Singhal, & Pandit, 2009).  De Boer et al. (1985), assessed the 97 
microflora of 150 samples of 54 different spices, spices mixtures and herbs from retail suppliers 98 
and found black pepper to be highly contaminated with salmonella, Aspergillus and Penicillium 99 
species, as well as spore forming bacteria such as Bacillus cereus and Clostridium pefringens. 100 
Clostridia and Bacillus are soil borne so form part of the natural microflora of black pepper.  The 101 
contamination could be as well due to violation of hygienic handling practices during the drying 102 










(BP) as it is often applied directly on to the food in the raw state, without any heat treatment or 104 
cooking (Little, Omotoye, & Mitchell, 2003). Based on the RASFF (Rapid Alert System for Food 105 
and Feed) summary reports, Salmonella spp was shown to be the most reported pathogenic 106 
microorganism in spices, with BP presenting 8% of the contamination (Banach et al., 2016). The 107 
high prevalence of salmonella in BP, added to salami, caused an outbreak in 44 states of the 108 
United States of America in 2010 (Gieraltowski et al., 2013).  109 
Several decontamination techniques have been assessed for their efficacy to treat BP.  Gamma 110 
irradiation treatment and ethylene oxide fumigation were shown to be quite efficient. However, 111 
ethylene oxide was banned by the European Union due to its carcinogenic effects (Tateo & 112 
Bononi, 2006).  Gamma irradiation can be applied in controlled doses but presents questionable 113 
consumer acceptability (Trindade et al., 2009). Sadekha et al. (2004) have proved that a dose of 5 114 
kGy of ionizing radition was sufficient to decontaminate BP from microbial contamination, with 115 
no significant change in volatile oil compounds (Sádecká, Kolek, Salková, Petríková, & Kovác, 116 
2004). Steam treatment was also applied to BP but it was shown to be effective only with low 117 
microbial loads. For higher microbial loads, only a low reduction in contamination was achieved 118 
and the aroma and odors were possibly alterated (Schweiggert, Carle, & Schieber, 2007). Pulsed 119 
UV light is another technique that has been tested for decontamination of BP. This method was 120 
shown to achieve less than 1 log reduction against Saccharomyces cerevisiae with rapid 121 
modification of color (Fine & Gervais, 2004). Hertwig et al. (2015) evaluated the performance of 122 
cold atmospheric pressure plasma and a reduction of 2.8 to 4.1 log was noted for pathogenic 123 
bacterial (S. enterica, B. subtilis, B. atrophaeus) spores tested.  After 30 min of remote plasma 124 
treatment, no considerable effect on the quality parameters was observed (Hertwig, Reineke, 125 
Ehlbeck, Knorr, & Schlüter, 2015). Erdoğdu & Ekiz, (2013) tested the combined effect of far 126 
infrared (FIR (wavelength not specified), 650 W) and ultraviolet (UVC) radiation on surface 127 










for FIR after 4.7 and 3.5 min at 300 and 350⁰ C, respectively. However, UVC alone or combined 129 
with FIR, did not show a significant bacterial reduction.  130 
Currently, there are only relatively ineffective methods for decontamination of OF and BP 131 
available and alternative strategies are needed that are consumer friendly. Few studies have 132 
assessed the efficacy of combined systems to decontaminate BP and OF. Therefore, the aim of the 133 
present study was to assess the performance of a a system combining UV-C radiation and 134 
modulated IR light sequentially with ozone, developed in our previous work (Watson, Kamble, 135 
Shanks, Khan, & El Darra, 2019), on decontamination of OF and BP, artificially inoculated with 136 
Escherichia coli as a test organism.  The treatments are performed in a fludised bed, and include 137 
the treatments alone (Ozone, UV, and IR) and in combination (ozone then UV combined with IR; 138 
or UV combined with IR followed by ozone treatment). 139 
 140 
2. Materials and methods 141 
2.1 System Description  142 
The system (schematic shown in Figure 1a and photo in 1b) was slightly modified from Watson et 143 
al. (2019); the fused quartz tube dimensions remained the same (900-mm long, mounted 144 
vertically, with an inside diameter (ID of 33 mm and wall thickness of 3 mm). Three air pumps 145 
(MA100-120, Jecod, UK) provided an air flow rate of up to 120 L/min which reduced to 92.25 ± 146 
2.26 L/min (n = 19 readings) in the tube, the flow rate was controlled with a mass flow meter 147 
(Red-Y, Vogtlin, Germany). Attached at the lower end of the quartz tube was a plastic, rapid 148 
prototyped component, comprising of three sections that could be pushed together; this 149 
component, or tube insert, sealed the tube, conditioned the air flow and was the sample container. 150 
Figure 2 shows the 3 components that make up the tube insert, these are: left) the bottom part with 151 
an air inlet, small side handles for easy insertion and removal and an “O” ring groove that allowed 152 










image) which shows where the samples were aseptically placed. The conical shape was designed 154 
to allow the BP and OF to conveniently fall back into the air flow.  The distributer plate and 155 
assembly were designed to suspend the OF or BP in the even air flow over the cross-sectional area 156 
of the tube.  Calculations were done previously (Watson et al (2019)) to determine the distributor 157 
plate hole size using fluidized bed theory and in this case a mesh was used which prevented the 158 
OF or BP falling down the air tube and allowed a uniform velocity such that the BP or OF would 159 
rise and fall in the tube when the velocity was above a minimum threshold of ~92 ms
-1
.  The tube 160 
insert allowed the OF/BP samples to be placed inside the tube asceptically, and the insert was 161 
simply cleaned each time.  162 
The lighting (a standard germicidal UV (4 W, effective length 80 mm, 254 nm) and IR lamp (100 163 
W, SK15 Jacketed, Victory Lighting, UK, colour temperature 2550K)) remained the same as in 164 
the first experiments on chilli flakes (Watson et al., 2019); the lamps were placed symmetrically 165 
opposite each other, approximately 25 cm from the base of the tube. The outside of the UV and IR 166 
tubes were placed 10 mm from the external part of the fused quartz tube, the effective length of the 167 
UV tube was 80 mm and for the IR lamp it was180 mm. They were safely enclosed by a metal 168 
cover with a polycarbonate window (26.5 x 25 cm, see Figure 1b).  The UV and IR lamps were 169 
controlled separately (on/off)  170 
The outside surface temperature of the tube was measured with a thermocouple (TEMPer1F, PC 171 
Sensor, China); this temperature measurement was used to automatically modulate the IR lamp 172 
between about 58-62 °C; the sensor was placed away from direct IR exposure.  As with the 173 
previous work on chilli flakes (Watson et al., 2019), the ozone treatment (GMB-DOM-024, GMB 174 
Ozone purifier, Italy; 300 mgO3hr
-1
, 25 W power consumption), was applied separately followed 175 
by the UV and IR treatment and on a loosely packed, stationary bed (i.e. without any air flow); this 176 









ozone would be diluted to low levels in an air flow.  The ozone flow into the system was 178 
controlled via an isolating valve.   179 
The UV and IR lamps position relative to the OF/BP was easily modified by adjusting the tube up 180 
or down or by varying the air velocity.  For a distance of about 25 cm from the bottom of the tube, 181 
the required air flow was about 92 L/min for the flakes to spend most of their time within the 182 
irradiated region.  183 
The temperatures inside (middle) and outside of the tube were measured, in a fixed place, whilsts 184 
automatically modulating the IR lamp. 185 
 186 
 187 
2.2 Raw materials 188 
OF and whole BP were purchased from a Lebanese supermarket (packaged in Avignon, France) 189 
and were evaluated for their microbiological loads ,. The OF and BP were kept in a dry place at 190 
room temperature. Sterile water (9 mL) was added to 1 g samples of OF and BP, each were shaken 191 
for 20 s then followed by a serial dilutions (down to 1 in 10
6
). Afterwards, 20 µL samples were 192 
plated on Luria Bertani (LB) and incubated at 37°C overnight (Sezonov, Joseleau-Petit, & d’Ari, 193 
2007). Consequently, the Colony forming Units were counted and the bacterial concentration 194 
calculated per gram, using Miles and Misra Method (or surface viable count) (Hedges, Shannon, & 195 
Hobbs, 1978). This analysis was done twice. 196 
 197 
2.3. Microbiological investigation of spices samples 198 
OF and BP microbiological parameters were analyzed according to international standard methods 199 










Total coliforms, Escherichia coli, Coagulase-positive staphylococci, Sulfite-reducing bacteria, 201 
Clostridium perfringens, Listeria monocytogenes, Salmonella and Yeasts and molds. Microbial 202 
enumerations were expressed as log of colony forming unit per gram sample (CFU/g). The 203 
samples were compared with the Lebanese Standards Institution (LIBNOR) standards of OF and 204 
BP (Http://www.libnor.gov.lb, 2002,1999). LIBNOR is a public institution attached to the 205 





2.4. Sample Inoculation  211 
An overnight culture of of Escherichia coli (MG1655), a non-pathogenic strain (Stromberg et al., 212 
2018), was supplied by the Environmental Engineering Laboratory, James Watt School of 213 










Fifteen-mL of the E. coli overnight culture was pipetted onto 60 g of the “as purchased” OF and 215 
BP and mixed thoroughly; samples (3x1g) were analysed for inoculation efficiency immediately.  216 
The samples were then dried with the same conditions as  Watson et al. (2019).Samples were 217 
taken every 30 mins over the 2 hr drying time to evaluate the reduction of the bacterial load. The 218 





 cfu/mL respectively.  One gram of the inoculated  OF or BP samples were placed 220 
into the sample holder (Figure 3) and a treatment was applied.  After treatment, the sample was 221 
removed, added to a 9 mL sample of of sterile water and appropriate serial dilutions were made. 222 
This step was done in duplicate.  The sample treatments are detailed below.  223 
 224 
2.5 Sample treatments 225 
The dried samples of OF and BP were exposed to different individual treatments: ozone, UV, IR 226 
and combinations of the 3 treatments.  The individual treatment times for ozone, UV and IR alone 227 
were 0, 5, 10, 12.5, 15, 17.5, 20 and 30 min.  Different combinations were tested; this included 1) 228 
Ozone for 2.5 and 5 min, each followed by a combined treatment of UV and IR for 2.5, 5, 7.5 and 229 
10 min for the inoculated and raw OF and BP; and 2) A combined treatment of UV and IR for 2.5 230 
and 5 min, each followed by ozone for 2.5, 5, 7.5 and 10 min. 231 
It should be reiterated that with the ozone treatments the main flow line for air was not activated 232 
because of the flow differentials and in this system design it was not possible to combine ozone 233 
with the UV or IR simultaneously. The ozone treatment was then on a loosely packed, fixed bed of 234 
the OF and BP.   235 
 236 










This work was designed to compare the relative efficiency of different treatment durations from 238 
Ozone, UV and IR and large datasets were not generated.  As the work was done in duplicate, to 239 
improve the analysis the averages from each data point were compared statistically.  Furthermore, 240 
it should be noted that the treatment levels are somewhat arbitrary and were chosen so that the 241 
death kinetics could be investigated for alone and sequential/combined experiments. In this 242 
context, similar levels of decontamination are sought for each treatment, reducing their statistical 243 
differences.  The F-test was used to compare the differences between the log reductions (CFU/g) 244 
for OF and BP for each treatment alone (Ozone, UV and IR) across all values. The t-test was used 245 
to compare Ozone with UV, Ozone with IR and UV with IR for OF and BP.   246 
For treatments with i) ozone then UV and IR or ii) UV and IR first then ozone, the t-test was used 247 
for analysis between the OF and BP for the same treatment combination, and between the same 248 
sample (OF or BP) for UV/IR first with 2.5 and 5 min and for Ozone at 2.5 and 5 min followed by 249 
UV and IR.    250 
 251 
3. Results and discussion 252 
3.1. Microbial loads of the onion flakes and black pepper samples 253 
The microbial load of untreated OF and BP samples were examined considering the LIBNOR 254 
norms 2002:614 and 1999:70, for OF and BP, respectively (see Table 1). From table 2, the results 255 





respectively, which is within LIBNOR maximum permitted limits. Tables 1 and 2 shows that 257 
E.coli was within the microbiological specifications of LIBNOR norms for OF and BP.  No 258 
Clostridium pefringens and Salmonella were detected. Yeast and moulds were within the LIBNOR 259 














within Lebanese norms. Consequently, the samples were inoculated with E.coli to identify the 261 
effect of the combined system ozone, UV, IR and combinations without any pre-treatment.  This 262 
differed from the groups previous work (Watson et al., 2019), where the samples were inactivated 263 
before inoculation using microwave, autoclaving and ethanol treatment because of the high levels 264 
of contamination.  265 
 266 
3.2.  System overview 267 
The variation of temperature between the inside centre of the tube and outside of the tube over 400 268 
s with the flow on (~92 L/min) is shown in Figure 3. It is to be noted that the lamp was modulated 269 
on/off to maintain an external temperature between 58 - 65 °C.  The temperature inside the tube 270 
was relatively low, being maintained between 29 and 34 °C.  The temperature rises over the first 271 
19 s period followed by a temperature stabilization at an average of 60 and 32°C, for outside and 272 
inside the tube, respectively. These conditions are shown to preserve the organoleptic properties of 273 
OF and BP, since a fairly low temperature of 40–60 °C do not affect flavours (Haley & 274 
McDonald, 2016). 275 
 276 
3.3.Drying kinetics of CF 277 
After inoculation, the samples were dried in the oven until they were visibly dry. Figures 4a and 278 
4b show the E.coli reduction curves during the drying processes at different times (t=0, 30, 60, 90, 279 
120 min) in duplicate, for OF and BP. The initial microbial loads at time zero of the inoculated 280 




 cfu/mL, equivalent to log 4.04 cfu/g and 281 
log 4.13 cfu/g, respectively; representing a reduction in culturability of 68% and 78% over 2 hours 282 
for OF and BP, respectively. This reduction is higher than those observed with Chilli Flake (CF) 283 
drying reported by Watson et al. (2019) which was 55% . The bacterial reduction on drying is 284 










to recover as viable colony forming units (Bourdoux, Li, Rajkovic, Devlieghere, & Uyttendaele, 286 
2016; Gurtler et al., 2019). 287 
3.3 Individual treatment for inoculated OF and BP 288 
Figure 5 shows the log reduction in the bacterial counts of OF and BP for the individual treatments 289 
over 30 minutes, with a) ozone treatment for different durations (t=0, 5, 10, 12, 15, 17.5, 20 min) 290 
and (5b) UV and (5c) modulated IR for different durations (t=0, 2, 5, 10, 20 min) controlled to 291 
maintain an external temperature of approximately 60°C. As observed in the figures, the survival 292 
of microorganisms decreased with increasing treatment time for each process, as similarly found 293 
by Erdoğdu and Ekiz (2013) investigating IR and UV treatment of BP seeds. IR heating has 294 
produced promising results for the surface pasteurization of black pepper seeds (Erdoǧdu & Ekiz, 295 
2013), as well as for cumin seeds if combined with ultraviolet treatment (Erdoǧdu & Ekiz, 2011).  296 
All the treatments produced complete reduction to the limit of enumeration of the E. coli 297 
inoculated on the OF ≤30 min and after 20 min of ozone, UV or IR treatment, a bacterial 298 
culturability reduction of 67%, 94% and 95% was observed, respectively. For BP (Figure 5), 20 299 
minutes of either ozone or UV achieved complete inactivation of E. coli, and 30 minutes of IR 300 
were needed for complete inactivation. Ozone and UV treatments produced complete inactivation 301 
of the E. coli inoculated on the BP after 17 min.  However, 20 min of IR was insufficient to 302 
achieve a complete inactivation, which given the internal temperature of the tube was only 32°C is 303 
understandable.  After 15 min of ozone, UV and IR a bacterial culturability reduction of 78%, 95% 304 
and 90%, respectively, was observed on black pepper.  Given that for OF the reductions were 305 
67%, 94% and 95% for the same treatments after 20 mins, the efficacy of the ozone and UV were 306 
slightly higher with BP than OF. However, for OF, a treatment  > 20 and ≤ 30 min was required to 307 
achieve complete inactivation for all three treatments, from the data points taken.  308 
A comparison of ozone application on OF and BP showed greater reduction on BP (17mins) 309 










BP and 30 min for OF, since 17 min of ozone for OF has led to 1.66 log reduction. This could be 311 
due to the fact that surface area is a critical factor for the efficacy of ozonation treatment, as 312 
mentioned in the study of Akbas et al., 2008 and the shape of the flakes verses the spherical nature 313 
of the black pepper.  The inoculated bacteria could be more protected in flaked onions than BP, 314 
since the ozone power is affected by the penetration depth and the interation of ozone with organic 315 
materials (Akbas & Ozdemir, 2008). Similar results were obtained while comparing the efficacy of 316 
UV on OF and BP, with a better result on whole BP. This could be due to the fact that UV 317 
provides better results when used on geometrically round shapes (Lagunas-Solar, Pina, 318 
MacDONALD, & Bolkan, 2006). The UV absorption characteristics between the OF and BP are 319 
likely different too but were not measured in this case.  Both UV and IR would be affected by 320 
shading but the turbulent nature of the samples likely negates this affect and ensures complete 321 
surface treatment. 322 
It is worth noting, then, that the random flow of OF and BP allowed a larger UV dose to reach the 323 
different surfaces because of the turbulent mixing and a high decontamination effect of inoculated 324 
E.coli was observed. UV-C disinfection is influenced by various factors such as distance from the 325 
lamp, UV intensity, and exposure time (Yaun, Sumner, Eifert, & Marcy, 2004; Allende, McEvoy, 326 
Luo, Artes, & Wang, 2006; Cha, Park, Choi, Cheon, & Kil, 2010). The lethal effect of UV is due 327 
to an alteration of the cell replication, leading to cell death (Allende et al., 2006). 328 
IR was less effective than the other treatments on both OF and BP, but still showed some 329 
inactivation, even given the relatively low temperature rise inside the flow tube. This may be due 330 
to rapid heat transfer mechanisms that reduce the bacterial load during a short process time 331 
(Erdoğdu & Ekiz, 2011; Erdoğdu & Ekiz, 2013), it should be noted that the samples are under 332 
forced convection conditions which may provide cooling. 333 
 334 









Watson et al. (2019) previously studied the effects of combining ozone (20 min) followed by UV 336 
and IR (60 min) on the decontamination of CF inoculated with E.coli, here the ozone had a 337 
dominant effect, and the duration of the treatment was too long, i.e. the treatment time consistently 338 
exceeded the point at which no CFU were detected.  Consequently, in this paper the exposure time 339 
was shortened for the ozone pretreatment by applying it for only 2.5 min (Figure 6a)  and 5 min 340 
(6b) followed by UV& IR for 10 min for OF and BP. In this way it was anticipated that greater 341 
information would be obtained on the combined treatment effects post-ozone treatment.  It is seen 342 
from these graphs that a reduction of 99.98 and 99.99 % for an ozone treatment of 2.5 min was 343 
observed for OF and BP, with a similar reduction of 99.98 and 99.99% for 5 mins treatment time 344 
with OF and BP. Consequently, since the same response was obtained for these different periods 345 
of time, it makes sense to use the shorter treatment (2.5 min) as no benefit was observed with 346 
increased exposure.  The single dose treatment curves, in Figure 5, show fairly low inactivation 347 
during the early stages of the ozone treatment, which is why there was not a substantial difference 348 
for 2.5 or 5 mins.  It is not clear why this is the case but it is likely that there is a threshold 349 
exposure needed to inactivate most of the microoraganisms, with less robust ones inactivated with 350 
a lower dose or perhaps such microorganisms are in more accessible places for the treatment.   351 
For OF inoculated with E.coli, a combined treatment of UV and IR for 2.5 min following the 352 
ozone 5 min was sufficient to acheive  complete inactivation (Figure 6). It is seen from these 353 
graphs that a reduction of 99.99 and 99.99 % for UV and IR treatment of 2.5 min was observed for 354 
OF and BP, with a similar reduction 99.90 and 99.99% for 5 mins of UV and IR with OF and BP.  355 
However, with 2.5 min ozone, 10 min of combined UV and IR were needed to reach the same 356 
result, noting that 30 min of ozone alone was needed to decontaminate OF. Combining ozone with 357 
UV and IR reduced the treatment time and increased its efficacy.  For BP, 20 min of ozone alone 358 
was needed for decontamination. Combining treatment therefore has reduced the exposure 359 










combining treatments increases the decontamination efficacy through stimulating more damage to 361 
the cell envelope related to the synergistic lethal effect of the treatments (Watson et al., 2019). 362 
These results are also in accordance with the study of Erdoğdu and Ekiz (2011) that demonstrated 363 
combining IR and UV resulted in the reduction of the bacterial load of total mesophilic aerobic 364 
bacteria inoculated on cumin. Similarly, a study conducted by Ha and Kang (2013) showed a 365 
synergistic bacteriocidal effect of combined IR and UV on red pepper inoculated with E.coli.   366 
To investigate the effect of the treatment order, a reduced exposure time of 2.5 and 5 min (UV and 367 
IR) was used, followed by 2.5, 5, 7.5 and 10 min for OF, with the results shown in Figure 7a and 368 
b, respectively.  369 
With 2.5 min combined UV and IR treatment, the response for BP and OF were similar with 10 370 
mins of ozone treatment.  This was the same with Figure 6a, with ozone first, for OF, but there 371 
was complete inactivation earlier with BP (after 7.5 mins of UV and IR).  With 5 mins of UV and 372 
IR treatment, BP was more effectively decontaminated than OF, after the final treatment 373 
inactivation was complete for both samples.  It is seen that the data points for OF in Figure 7 for 374 
UV and IR at 2.5 (a) and 5 min (b) show a slight difference; this cannot be explained directly but 375 
may be due to experimental error; what is clear, however, is that the sequential ozone treatment 376 
gave an improved performance when the UV and IR combined treatments were longer. This is 377 
evidenced by the log reduction.  Interestingly, the treatment with the ozone for 2.5 and 5 min 378 
(Figure 6) are relatively close to each other, although the 5 min treatment is slightly lower.  What 379 
is interesting however, is the impact of the subsequent treatments (UV and IR), which are much 380 
greater for the longer duration of ozone treatment. It is clear then that the longer treatment is 381 
having a beneficial effect.  382 
When comparing the data for additive or synergistic effects, the effects are dominated by the 383 
initial contamination levels for the combined treatments (i.e. with ozone, UV and IR in any order), 384 










chosen.  As an example of the additive vs synergistic effects, Figure 8 shows the log reduction for 386 
OF and BP with Ozone treatment for 2.5 mins, then IR and UV combined for 10 mins.  These 387 
single observed reductions were added (as shown in Sum log reduction) and compared to the 388 
combined effect of ozone (2.5 mins), followed by simultaneously combination of UV and IR for 389 
10 mins.  Clearly the combined system has enhanced the overall inactivation, with a  difference in 390 
the log reduction of 2.69 for OF and 4.20 for BP.  These results were similar for each of the 391 
combined treatments (data not shown).  392 
   393 
3.5 Statistical analysis 394 
Interestingly, there was no statistical difference (F-test, p < 0.05) between the datasets for the 395 
single treatments of Ozone and UV on OF and BP, however there was a statistical difference (p = 396 
0.009) for IR.  This may indicate that the treatment is independent of the surface colour and 397 
surface features for the treatment durations chosen for UV and Ozone, whereas there are 398 
differences for the IR, however, this will require deeper investigation.   When comparing the 399 
single treatments against each other (t-test), it was found that there was no statistical difference for 400 
BP for any of the treatments, whereas for OF there was a significant difference (p<0.05) between 401 
ozone and IR (0.0096), and UV and IR (0.0094).   402 
For the analysis of the combination treatments there was no statistical differences found between 403 
any of the sets of data.  This is likely more a reflection on the treatment values chosen and the 404 
narrow range of investigation but it does perhaps identify that the combined effect is limited in the 405 
current case, at least to p < 0.05 significance, even though some advantages seem evident.   406 
 407 
4. Conclusion   408 
This study has further investigated a novel method of combining Ozone, UV and IR by 409 










differences to the treatment were shown among the two types of spices, with better effectiveness 411 
for BP compared to OF.  Ozone and UV treatment reduced completely the artificial bioburden (9.5 412 
× 10
5
 cfu/mL) in < 20 min, whereas for IR treatment this was achieved in around 30 min. 413 
Sequential ozone and combined UV and IR treatment gave improved results with 99.99% 414 
inactivation of E.coli over a reduced time. Starting with Ozone (2.5 and 5 min) or UV&IR  (2.5 415 
and 5 min) an improved performance was observed compared to the individual treatments alone. 416 
Greater analysis of the effect of these hurdle technologies and their combination on the 417 
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List of Figures   544 
Figure 1 (a) Schematic of the experimental set up of the combined ozone, UV, IR and 545 
decontamination system (b) Photograph of the experimental set up showing the decontamination 546 
chamber (blue box 49 cm wide by 82 cm high) 547 
 548 
Figure 2 Rapid prototyped quartz tube insert; left image, bottom component, showing air inlet, 549 
handles and “O” ring groove; middle, clips into the bottom and top component with the mesh 550 
between the middle and right component, which shows the sample holder and cone to collect 551 
samples as they fall down the quartz tube. 552 
 553 
Figure 3 Centre temperature inside the tube (bottom) and external temperature (top) as a function 554 
of time, with IR modulation to maintain 58-62ºC temperature outside of the tube, air flow rate of 555 
120 L/min  (temperature variation, SD     4ºC, n = 3). 556 
 557 
Figure 4 E.coli population kinetics, recovered log (cfu/g) from the inoculated OF (Fig. 3a) and BP 558 
(Fig. 3b) over the drying time (t=0, 30, 60, 90 & 120 min).  Each point is the average of 3 559 
readings, error bars not observable. 560 
 561 
Figure 5 E.coli population kinetics, log (cfu/g) recovered from inoculated OF and BP after 562 
individual treatments (5a) shows effect of ozone for different durations (t=0, 5, 10, 12, 15, 17.5, 20 563 
min) and (5b) UV and (5c) IR for different durations (t=0, 2, 5, 10, 20 min). Error bars, SD, n =2. 564 
 565 
Figure 6  E.coli population kinetics of inoculated  (OF) and (BP), showing log (cfu/g), treated by 566 
ozone OF for 2.5 min (a), and 5 min (b) followed by a combined treatment (UV & IR) for 2.5, 5, 567 
7.5, 10 minutes. Error bars, SD, n =2. 568 
 569 
Figure 7.  E.coli population kinetics of inoculated Onion Flakes (OF) and Black Pepper (BP), 570 
showing log (cfu/g), treated by combined treatment (UV & IR), for 2.5 min (a), and 5 min (b) 571 
followed by Ozone 2.5, 5, 7.5, 10 minutes. Error bars, SD, n =2. 572 
 573 
Figure 8.  Comparison between additive (sum log reduction) and Combined effects of Ozone for 574 
2.5 min, followed by simultaneous UV and IR treatment for 10 mins for OF (black, left columns) 575 
and BP (grey, right columns). 576 
 577 
 578 
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Table 1: Microbiological parameters investigated and relative identification techniques 




Total mesophilic bacteria ISO 4833:2013 30°C 
Enterobacteria ISO 21528:2004 37°C 
Total coliforms ISO 4832:2006 37°C 
Escherichia coli ISO 16649-2 :2001 44°C 
Coagulase-positive staphylococci ISO 6888-1 :1999 37°C 
Sulfite-reducing bacteria ISO 15213 :2003 37°C 
Clostridium perfringens ISO 7937 :2004 37°C 
Listeria monocytogenes ISO 11290-1 :1996 37°C 
Salmonella ISO 6579 :2002 37°C 




















Table 2 : Microbiological load of Onion flakes and Black pepper samples in (CFU/g), compared to the Lebanese 
standard LIBNOR norms for OF and BP 
Microbiological parameters Onion flakes (OF) LIBNOR NORM 
 2002:614 for OF 
 Black Pepper (BP) LIBNOR NORM 
 1999 :70 for BP 













Enterobacteria (CFU/g) 0    Not regulated  0    Not regulated 
Total coliforms (CFU/g) <10   Not regulated  <10   Not regulated 
Escherichia coli (CFU/g) <10         10-10
2




 staphylococci (CFU/g) 
0   Not regulated 0   Not regulated 
Sulfite-reducing bacteria (CFU/g) <10   Not regulated <10   Not regulated 
Clostridium perfringens (CFU/g) 0         10-10
2
 0         10-10
2
 
Listeria monocytogenes (CFU/g) 0   Not regulated 0   Not regulated 
Salmonella (CFU/25 g) 0        Absent 0        Absent 
Yeasts and molds (CFU/g) 10
2




 5 x 10
2


















Figure 1 (a) Schematic of the experimental set up of the combined ozone, UV, IR and decontamination 
system 
(b) Photograph of the experimental set up showing the decontamination chamber (blue box 49 cm wide by 
































Fig 2  Rapid prototyped quartz tube insert; left image, bottom component, showing 
air inlet, handles and “O” ring groove; middle, clips into the bottom and top 
component with the mesh between the middle and right component, which shows 



















Figure 3. Centre temperature inside the tube (bottom) and external temperature (top) as a 
function of time, with IR modulation to maintain 58-62ºC temperature outside the tube, air 






























Figure 4.  E.coli population kinetics, recovered log (cfu/g) from the inoculated Onion Flakes (OF, Fig. 4a) 
and Black pepper (BP, Fig. 4b) over the drying time (t=0, 30, 60, 90 & 120 min).  Each point is the average of 

































Figure 5. E.coli population kinetics, log (cfu/g) recovered from inoculated OF and BP after individual 
treatments by (5a) ozone for different durations (t=0, 5, 10, 12, 15, 17.5, 20 min) and (5b) UV and (5c) IR 


























Figure 6.  E.coli population kinetics of inoculated Onion Flakes (OF) and Black Pepper (BP), showing log 
(cfu/g), treated by ozone OF for 2.5 min (a), and 5 min (b) followed respectively by a combined treatment (UV 



































Figure 7.  E.coli population kinetics of inoculated Onion Flakes (OF) and Black Pepper (BP), showing log 
(cfu/g), treated by combined treatment (UV & IR), for 2.5 min (a), and 5 min (b) followed by Ozone 2.5, 5, 














Figure 8.  Comparison between additive (sum log reduction) and Combined effects of Ozone for 2.5 min, 
followed by simultaneous UV and IR treatment for 10 mins for OF (black, left columns) and BP (grey, right 
columns).  
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